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Abstract Based on data of SSC, precipitation, sand-dust
storms and area of soil and water conservation, a study has
been made of the temporal variation in the frequency of
hyperconcentrated flows in the Wudinghe River, a major
tributary of the Yellow River, China. The results showed
that the decreasing trend in the frequency of hypercon-
centrated flows (Fh) was significant. High-flow season
precipitation (P6–9) decreased slightly, and annual number
of sand-dust storm days (Dss) decreased markedly. Corre-
lation analysis shows that the variation in P6–9 had little
influence on the decreasing Fh, but the decreasing Dss had
significant influence on the decreasing Fh. The 5-year
moving average of the frequency of hyperconcentrated
flows (Fh,5m) was closely correlated with the area of land
terracing, the area of the land created by check dams, the
area of tree planting and the area of grass planting. The
results of the present study show that the frequency of
hyperconcentrated flows can be significantly reduced by
soil and water conservation measures. Thus, these results
may be useful for decision making for the management of
sediment-related disasters in the Wudinghe River basin and
in the Yellow River basin.
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Introduction
Hyperconcentrated flows have been observed in various
natural settings in the world (Englund and Wan 1984; Wan
1985; Wijdenes and Ergenzinger 1998; Cannon et al. 1998;
Batalla et al. 1999; Hodgson and Manville, 1999), drawing
attention from geologists, geomorphologists, and hydraulic
engineers. Hyperconcentrated flows are well developed and
widely distributed in the Loess Plateau region of China.
Since the pioneering work by Chien et al. (1979), much has
been done in the past 20 years (Wang et al. 1982; Zhang
et al. 1982; Chien and Wan 1983, 1986; Chien 1989; Xu
1993, 1998, 1999, 2000).
Hyperconcentrated flows are widely observed in gullies,
creaks and rivers on the Loess Plateau, China, as a special
sediment-laden flow phenomenon (Chien 1989). In the lower
Yellow River, hyperconcentrated flows are regarded as haz-
ardous stream flows, and often result in strong scour and fill
and abnormal variations in water level and discharges (Chien
1989), putting great pressure on flood protection. Hyper-
concentrated flows form in the uplands of the middle Yellow
River drainage basin, especially in the slope–gully system of
headwater drainage areas. Wang et al. (1982) studied the
process related with the formation of hyperconcentrated
flows in the hilly gullied areas on the Loess Plateau. Xu
(1998) studied the physico-geographical factors for the for-
mation of hyperconcentrated flows, the erosion caused by
hyperconcentrated flows (Xu 1999) and how the hypercon-
centrated flows form in the coupled slope–gully system (Xu
2004). Recently, Xu et al. (2006) found that the formation of
hyperconcentrated flows are strongly affected by coupled
wind–water processes. Apart from natural factors, human
activity also has strong influence on the formation of hy-
perconcentrated flows. When natural and human factors
change, the frequency of hyperconcentrated flows may also
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be changed. In this aspect, little research has been done so far.
Hence, the purpose of the present study is to deal with the
temporal variation of hyperconcentrated flows in response to
the changing natural and human factors, with the Wudinghe
River as an example.
Outline of study area
The Wudinghe River (Fig. 1), draining an area of 30,261 km2,
is a major tributary of the Yellow River and located in the
southern fringe of Maowusu Desert and the northern part of
the Loess Plateau. The most downstream hydrometric
station is Baijiachang, above which the drainage area is
29,662 km2. Eolian sand covers northwestern part of the
drainage basin, accounting for 54.3% of the total drainage
area of the river. In the eolian sand covered area, specific
sediment yield is very low (Zhang et al. 2002). The
remaining part of the river basin is a hilly, gullied area
mantled by loess, 50–100 m in thickness. Gullies are well
developed, cutting 50–250 m into the land, and the gully
density ranges from 4 to 8 km/km2. Soil erosion is severe,
and all types of erosion, including sheet, rill, gully, piping
and gravitational erosions, are well developed.
The study area is located in a transitional zone from
eolian sand to loess, and also a transitional zone from arid
to semi-arid and sub-humid climates. From northwest to
southeast, annual mean precipitation increases from 200 to
450 mm, annual mean number of days with strong wind
[defined as a wind with speed[17 m/s, a standard used in
meteorological observations in China (Zhu 1982)] decrea-
ses from 40 to 10 days, and annual mean number of sand-
dust storm days decreases from 25 to 5.
The northern part of the drainage basin is located in
Maowusu Desert, dominated by wind erosion. To the
southeast, wind erosion becomes weaker and fluvial ero-
sion stronger. The surface material varies gradually from
eolian sand, sandy loess with patched eolian sand and
sandy loess, and the landform becomes a gullied hilly area
on loess in the southern part of the drainage basin. Coupled
water–wind process is dominant in the study area.
Due to thick and highly erodible loess, sparse vegeta-
tion, uneven seasonal distribution of rainfall and relatively
high intensity of rainstorms, water and wind erosion in the
Wudinghe River basin is strong. After disturbed by steep-
slopeland cultivation, cutting of trees and overgrazing,
erosion was accelerated greatly. According to hydrometric
records at Baijiachuan station during the period from 1956
to 1969 when basin-wide soil and water conservation had
not been undertaken, mean annual suspended sediment
load was 209.85 million tons, ranking the first place among
all the tributaries in the drainage area between Hekouzhen
and Longmen, the major sediment source of the Yellow
River. The drainage area of the Wudinghe River accounts
for only 4.13% of the total area of the Yellow River above
Sanmenxia, the end control of the upper and middle Yel-
low River basin, its annual flow accounted for only 3.46%
of the total at Sanmenxia station, but its annual suspended
load accounted for 19.34% of the total at Sanmenxia sta-
tion. The mean annual suspended sediment concentration
(SSC) at Bajiachan was 141.5 kg/m3, 5.75 times as much
as that at Sanmenxia station. The mean annual specific
suspended sediment yield at Baijiachuan was 7,075 t/(km2
year), 3.35 times as much as that at Sanmenxia station.
Since the 1960s, funded by the Central Government, soil
and water conservation measures have been undertaken in
the Wudinghe River basin. Up to 1969, 9.4% of the area
with soil erosion was under control. During the 1970s,
large-scale soil and water conservation measures were
implemented, especially the building of sediment-trapping
check dams, which totaled 5,929 during the 1970s and
accounted for 51.1% of the total number of the check dams
at present. Up to 1996, 96,600 ha of terracing land were
built, 485,000 ha of trees and 188,400 ha of grass were
planted. 11,710 check dams were built, and total sediment-
trapping capacity of them was 2.180 billion m3. Above
these check dams, the land that was created by the trapped
Fig. 1 A map showing the study area. a The Yellow River basin.
b The Wudinghe River
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sediment was 22,500 ha. Seventy-four reservoirs with
water storage capacity larger than 1 million m3 were con-
structed. The total area of the measures including land
terracing, tree- and grass planting, the land created by
check dams, made up 36.4% of the total area under soil
erosion (Zhang et al. 2002).
Data source and method
As the Wudinghe River basin is one of the major sedi-
ment source areas of the Yellow River basin; the Yellow
River Water Conservancy Commission has set up
hydrometric and rainfall observation there since the
1940s. In total, there are 20 hydrometric stations and 90
rain gauges in the drainage basin, from which data of
rainfall, water discharge and suspended sediment load
concentration are available. In the present study, we use
the sediment data from Zhaoshiyao station on the main-
stream of the Wudinghe River, where relative long record
is available. As data of bed-load transport are not avail-
able, the present study deals with suspended sediment
transport only.
The limit between hyperconcentrated flows and non-
hyperconcentrated flows are determined by a characteristic
SSC, at which a fluid transforms from a Newtonian to non-
Newtonian fluid. This limit is not fixed, but depends on
grain size of suspended sediment (Chien 1989; Zhao 1996).
However, at present there is no generally accepted standard
for this limit. In the present study, the sediment-laden flow
with SSC [300 kg/m3 has been considered as hypercon-
centrated flow. Accordingly, the number of days with daily
suspended sediment concentration higher than 300 kg/m3
for a given year is defined as the frequency (Fh) of hy-
perconcentrated flows in this year (Chien 1989; Xu 1998).
This has been determined by counting the numbers of days
with hyperconcentrated flow in each year from the time
series of SSC at Zhaoshiyao station. Due to data avail-
ability of daily SSC, the data of Fh used in this study was
from 1942 to 1989.
The hydrometric data were provided by Zhaoshiyao
hydrometric station. Regular hydrometric measurements of
water stage, discharge, SSC, and suspended sediment load
are conducted by the engineers and workers at this station,
following national standards issued by the Hydrological
Bureau, Ministry of Water Conservancy and Electric
Power (e.g., 1962, 1975, 1992). The procedures used for
hydrological survey, sampling and laboratory analyses as
well as the accuracy and error test at hydrometric stations
in China are basically the same as those used internation-
ally. A detailed introduction can be seen from Yan (1984).
Strict check has been carried out following the national
standards, to ensure data accuracy.
As pointed out earlier, the soil and water conservation
measures include land terracing, tree- and grass-planting
and check-dam building. Construction of sediment-trap-
ping check dams is an important measure to control the
sediment entering the Yellow River. Erosion by gullies and
mass movement is severe in Wudinghe River basin.
According to Jiang et al. (1966), the sediment produced by
gully erosion and mass movement accounts for 70% of the
total sediment yield for small catchments in the Wudinghe
River basin. At present, people are not able to control the
erosion due to mass movement by direct and economic
measures. What can be done is to build check dams to trap
the sediment derived from gully erosion and mass move-
ment, thereby increasing sediment storage and reducing
sediment yield. The trapped sediment is deposited above
the check dam, forming some flat, arable land. A close
correlation has been found between the area of the land
created by a check dam and the volume of the sediment
trapped by it (Xu et al. 1993; Xu 2003). Hence, the land
area created by a check dam is used as an index to describe
sediment-reducing effect of check-dam building. The
Shaanxi Province Bureau for Soil and Water Conservation
has made statistics of the area of all types of soil and water
conservation measures, including the areas of land terracing,
tree planting, grass planting and the area of the land created
by check dams. In the mean time, to ensure the statistical
accuracy, sampling and field measurement in some selected
counties were conducted along with the interpretation of the
relevant aerial photographs and satellite images. As a result,
the difference between the measured area and the area by
statistics was determined, and on this basis, some correction
could be made to the statistical data (Zhang et al. 2002). The
data of soil and water conservation in the Wudinghe River
basin from 1956 to 1996 were published in Zhang et al.
(2002), and used in the present study.
In the study area, annual mean precipitation increases
and annual mean sand-dust storm days decreases from
northwest to southeast, and thus strong negative correlation
can be seen between them (Xu 2005a). In order to use a
single index to express the combination types of wind and
water processes, the index of coupled wind–water process
index (Iww) is introduced, which is defined as the ratio of
annual mean precipitation to annual mean number of sand-
dust storm days, i.e., Iww = Pm/Dss (Xu 2005a). A low Iww
means a lower annual mean precipitation combined with a
large number of annual mean sand-dust storm days, indi-
cating a dominant wind action; a high Iww means a high
annual mean precipitation combined with a smaller number
of annual mean sand-dust storm days, indicating a domi-
nant water action. In between, a medium Iww means a
medium annual mean precipitation combined with a med-
ium number of annual mean sand-dust storm days, indi-
cating a typical coupled wind–water processes.
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Based on precipitation data from the rain gauges, area-
averaged annual precipitation (Pm) and high-flow season
(from June to September) precipitation were calculated.
The data of sand-dust storms were collected at the county
meteorological bureaus in the drainage basin, provided by
the Shaanxi Provincial Bureau of Meteorology, based on
which annual area-averaged number of sandstorm day were
calculated.
Based on these data, correlation and regression analyses
were performed to explore the trend in the frequency of
hyperconcentrated flows, and to explain how it is influ-
enced by the changing natural factors and human activity,
using the software package of Statistica 5.0.
Results and explanation
Temporal variation in the frequency
of hyperconcentrated flows
Figure 2 shows the temporal variation in the frequency (Fh)
of hyperconcentrated flows at Zhaoshiyao station on the
Wudinghe River, indicating a decreasing trend. The squared
correlation coefficient between Fh and time is R
2 = 0.5559,
significant at a level of p \ 0.01. In loess hilly areas,
occurrence of hyperconcentrated flows is random more or
less because the occurrence of mass movement on the
channel slope of gullies at the recession stage of rainstorm
floods is often responsible for hyperconcentrated flows (Xu
2004). Influenced by this random factor, the points are
scattered. To show more clearly the trend at a longer time
scale, 5-year moving average of Fh,5m is calculated, and a
fitted curve for Fh,5m is also shown in this figure.
Temporal variations in influencing factors
The natural factors influencing the occurrence of hyper-
concentrated flows include precipitation and dust-sand
storms. On cultivated sloping land, rainstorms in high-flow
season cause strong erosion, which is conducive to the
occurrence of hyperconcentrated flows. In winter and
spring, dust-sand storms blow eolian sand to river channel,
which may be set in suspension and further carried
downstream by rainstorm floods that form in the successive
summer in the loess hillslopes and carry fine sediment. As a
result, hyperconcentrated flows occur, with the coarse
eolian sand being solid phase and the mixture of water and
fine loessic material being liquid phase of the hypercon-
centrated flow.
The human factors influencing the occurrence of hy-
perconcentrated flows include all types of soil and water
conservation measures, i.e., land terracing, tree- and grass-
planting and check-dam building. After land terracing, the
slope of land become very gentle or even horizontal, and
infiltration is greatly enhanced, then runoff generation
significantly decreases, and soil erosion becomes slight.
After tree and grass planting, the restored vegetation
intercepts rainwater, the underlying litter layers increase
water storage and enhance infiltration, also greatly reduc-
ing runoff generation. The vegetation-increased roughness
of land surface greatly reduces the velocity of overland
flow, and therefore reduces its eroding and transporting
ability. Vegetation, especially the litter layer, effectively
protects land surface from strong erosion. Check dams trap
the sediment from the gully catchment, effectively reduc-
ing the sediment entering the river. Hyperconcentrated
flows are caused by high-intensity erosion and sediment
yield; when erosion and sediment yield are reduced by the
implementation of soil and water conservation measures,
the frequency of hyperconcentrated flow can be greatly
reduced.
Figure 3 shows the temporal variations in the basin-
averaged high-flow season precipitation (P6–9), the basin-
averaged annual number of sand-dust storms (Dss), and
the index (Iww) of coupled wind–water processes in the
Wudinghe River. The P6–9 had a mild decreasing trend, the
Dss had a significant decreasing trend, and the Iww had a
significant increasing trend. Figure 4 shows the temporal
variation in the areas of four types of soil and water con-
servation measures in the Wudinghe River basin, all of the
four types indicating very significant increasing trend.
Influenced by the above factors, annual sediment yield of
the Wudinghe River showed a decreasing trend (Fig. 5),
and as a result, a decreasing trend in Fh occurred.
Frequency of hyperconcentrated flows as influenced
by water and wind erosion
In Fig. 6, the frequency of hyperconcentrated flows is
plotted against basin-averaged high-flow season precipita-
tion, basin-averaged annual number of sand-dust storms
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Fig. 2 Temporal variation in the frequency of hyperconcentrated
flows at Zhaoshiyao station on the Wudinghe River
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and index (Iww) of coupled wind–water processes in the
Wudinghe River basin, respectively. Note that the 5-year
moving average Fh,5m is used for the frequency of
hyperconcentrated flows, to show the trend more clearly.
The squared correlation coefficient R2 is given for each
plot. There is a mild positive correlation between Fh,5m and
P6–9. There are close positive correlation between Fh,5m
and Dss and negative correlation between Fh,5m and Iww,
both significant at a level of p \ 0.01. Thus, the decrease in
Dss has a great influence on Fh,5m, but the decrease in P6–9
has only a lesser influence on Fh,5m.
According to and Xu (2005b) and Xu et al. (2006), the
coupled process of water and wind makes a great contri-
bution to the formation of hyperconcentrated flows in the
study area. In areas with dominant coupled water–wind
process, there exists a mechanism of wind–water two-
phase erosion and sediment transport, which results in high
specific sediment yield and frequent hyperconcentrated
flows. In winter and spring, these areas are predominated
by northwest strong wind, which intensively erodes loose
sandy material from land surface and blows the eroded
material to the atmosphere, forming sand-dust storms. The
wind-blown sand transporting near land surface may be
trapped by gullies and river valleys. As winter and spring
are low-water stage seasons, gullies and small creeks are
dry, and water discharge of rivers is rather low and inca-
pable of transporting the sand. Therefore, most of the
trapped eolian sand remains in gullies and river channels
and on floodplains as coarse sediment storage. Entering
high-flow seasons starting from June and July, rainstorm
runoff rushes to gullies and river channels, and the previ-
ously deposited coarse sediment may be eroded and
transported downstream as part of suspended sediment (Xu
et al. 2006). Hyperconcentrated flow can be regarded as a
solid–liquid two-phase flow. The syrup-like mixture of
water and fine sediment (grain size finer than 0.01 mm)
constitutes liquid phase, in which the relatively coarse
sediment (grain size coarser than 0.05 mm) moves in sus-
pension as solid phase. In general, the areas dominated by
coupled water–wind process are located in transitional
zone from desert to loess. In such areas, the liquid phase
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Fig. 3 Temporal variations in the basin-averaged high-flow season
precipitation (a), basin-averaged annual number of sand-dust storms
(b), and the index of coupled wind–water processes (c) in the
Wudinghe River
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Fig. 5 Temporal variation in sediment yield at Baijiachuan station on
the Wudinghe River
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can reach sufficiently high concentration due to erosion on
loess hill-slopes by water. On the other hand, the supply of
relatively coarse sediment is sufficient due to wind-blown
sand from desert to the river during winter and spring,
which stored temporarily in gullies and on riverbed and
floodplain. Thus, the concentration of solid phase is also
high. Therefore, the coupled water–wind process favors
formation of hyperconcentrated flows (Xu 2005a, b). The
drainage basin of the Wudinghe River is a typical area with
coupled water–wind process, and thus, the frequency of
hyperconcentrated flows was high before the implementa-
tion of soil and water conservation measures. Due to the
decrease in strong wind and sand-dust storms, the above-
mentioned wind–water two-phase erosion and sediment
transport mechanism becomes weaker, and thus, the
magnitude of sediment yield decreased, and the frequency
of hyperconcentrated flows also decreased.
Frequency of hyperconcentrated flows as influenced
by soil and water conservation measures
To show the influence of soil and water conservation
measures on hyperconcentrated flow, the relationship
between the frequency (Fh) of hyperconcentrated flows and
the total area (Aswc) of four types of soil and water con-
servation measures is given in Fig. 7a, and the relationship
between the 5-year moving average of frequency (Fh,5m) of
hyperconcentrated flows and the total area of four types of
soil and water conservation measures is given in Fig. 7b,
based on annual data from Wudinghe River. The squared
correlation coefficient between Fh, and Aswc is r
2 = 0.4623,
significant at a level of p \ 0.01. The squared correlation
coefficient between Fh,5m and Aswc is r
2 = 0.8367, much
more significant than that for Fh.
In Fig. 8, Fh,5m is plotted against the areas of four types
of soil and water conservation measures, namely, terrace
land building, tree planting, grass planting and check-dam
building, respectively. Significant correlation can be seen
in the figure, and the squared correlation coefficients
between Fh,5m and the areas of terrace land building, tree
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Fig. 6 Plots of the 5-year moving average of the frequency of
hyperconcentrated flows against basin-averaged high-flow season
precipitation (a), basin-averaged annual number of sand-dust storms
(b), and the index of coupled wind–water processes (c) in the
Wudinghe River
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Fig. 7 Plots of the frequency of hyperconcentrated flows (Fh) and the
5-year moving averaged frequency of hyperconcentrated flow (Fm,5m)
against total area of four soil and water conservation measures in the
Wudinghe River basin
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planting, grass planting and the land created by check dams
are 0.8930, 0.8755, 0.7724 and 0.8144, respectively.
In the foregoing section, the influence of various factors
on the frequency of hyperconcentrated flows has been
discussed. There may be some interactions among the
influencing factors, which may further strengthen the
influence on the frequency of hyperconcentrated flows. For
instance, after tree and grass planting, land surface is better
covered, whereby the resistance of land surface material to
wind erosion is enhanced, and thus, wind erosion becomes
weaker and the annual number of sand-dust storms
decreases. This is supported by the plot of annual number
of sand-dust storms against the area of tree and grass
planting based on data from the Wudinghe River basin
(Fig. 9). The decreased frequency of sand-dust storms
further resulted in reduction of the frequency of hyper-
concentrated flows.
Conclusions
The hyperconcentrated flows in the Wudinghe River was
influenced by both natural and human factors. The
decreasing trend in frequency of hyperconcentrated flows
was significant, which can be related to the decrease in
annual number of sand-dust storm days and the increased
total area under soil and water conservation of measures,
and also to the decrease in high-flow season precipitation,
although to a lesser degree.
Hyperconcentrated flows are hazardous in the Yellow
River and its major tributaries, often causing sediment-
related disasters. The results of the present study show that
the frequency of hyperconcentrated flows can be significant
reduced by soil and water conservation measures. Thus,
these results may be useful for the decision making in the
management of sediment-related disasters in the study area
and in the Yellow River basin.
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Fig. 8 Plots of the 5-year moving averaged frequency of hypercon-
centrated flows against the area of land terracing (a), the land area
created by check dams (b), the area of tree planting (c) and the area of
grass planting (d) in the Wudinghe River basin
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Fig. 9 Relationship between annual number of sand-dust storms
against area of tree and grass planting based on data from the
Wudinghe River basin
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